The Escherichia coli Lac repressor (Lac system) 
INTRODUCTION
The concept of using Escherichia coli regulatory systems in mammalian cells has numerous attractive features, including having the potential for imposing very stringent regulation and reducing the likelihood that prokaryotic regulatory proteins will interact with host DNA sequences that are similar to target sequences in a biologically meaningful fashion. Moreover, the bacterial regulatory elements can function and regulate gene expression in mammalian cells with less restriction of promoter specificity and low side effects to the cells (5) (6) (7) 12, 14, 17) . We have demonstrated that the bacterial lactose repressor system (Lac system) can regulate the expression of a reporter gene by the binding of lac repressor (Lac R) to a lacoperator sequence (Lac O), which is located between the TATA box and the transcription starting site of the gene in mammalian cells and mice. The reporter gene can be specifically activated by addition of the lactose analogue, isopropyl-β -D -thiogalactopyranoside (IPTG), which binds to the repressor and disables it from binding to the operator sequence by conformational change (12, 13) .
The tetracycline-dependent expression system (Tet system) reported by Gossen and Bujard (6) is based on two regulatory elements derived from the tetracycline (Tc)-resistance operon of the E. coli Tn10 transposon. They are the tet repressor protein (Tet R) and the tet operator sequence (Tet O) to which Tet R binds (6) . The gene to be expressed is cloned into the "response" plasmid, which contains the P h CMV -1 promoter and the subsequent gene of interest. P h CMV -1is a compound promoter consisting of the tet-responsive element (TRE), which contains seven copies of Tet O, and the minimal immediate early promoter of cytomegalovirus (P min CMV ). The second key component of the system is a "regulator" plasmid, which expresses a hybrid protein known as the tet-controlled transcriptional activator (tTA). tTA is encoded by pTet-off and is a fusion of the wild-type Tet R to the VP16 activation domain of herpes simplex virus. tTA binds and thereby activates transcription in the absence of Tc. Thus, as Tc is added to the culture medium, transcription is turned off (3, 6) .
Comparatively, the Tet system shows faster responses and higher induction efficiency than the Lac system (6). However, in the Tet expression system, the restrictedly used CMV minimal promoter has cell specificity and is not inducible in some of the cells (1). On the contrary, the Lac system is widely accepted by many cell lines because the cell-type specific promoter can be used (12) . Regardless of the variations in expression features of these two systems, they are among the best tools to study transient and temporary effects of gene function in cells and in animals (4, 8, 9, 15, 17) . To further extend the application of the inducible system in gene functional study, we combined these two systems into a dual-inducible system and observed the repression and induction of two reporter genes in individual cells. Our data demonstrate the feasibility of operating the dual-inducible system, which regulates two genes at gene expression and at functional levels in many cell lines.
MATERIALS AND METHODS

Cells and Cell Culture
The cell lines of 212, 7-4, 7-4-2 and 7-4-b, derived from NIH/3T3 cells, were established in our laboratory (11, 13) . J82, TCCSUP, T1 and T2 are bladder carcinoma cell lines. The first two were from ATCC (Rockville, MD, USA), and the last two were established by Dr. C.C. Tzeng (16) . HA22T (a hepatoma cell line) was from Dr. L.M. Chang (18) . All the cells were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (both from Life Technologies, Gaithersburg, MD, USA).
Plasmids
Plasmids pSVlacOZ, pSVlacOras, pTREbcl-2 and pHβ lacINLSneo were constructed in our laboratory (12, 13) . Plasmids pTREluc and pTet-off were purchased from CLONTECH Laboratories (Palo Alto, CA, USA) (3).
DNA Transfection
The cells (1 ×10 5 ) in a 6-well tray were co-transfected with various plasmids (5 µ g/dish) by the L IPOFECTIN ® method (Life Technologies) for 5 h. The cells were then cultured in DMEM containing 10% FBS in either the presence or the absence of IPTG and/or tetracycline for 24-48 h. The cells were harvested, and lysates were assayed to determine gene expression activity.
Microassay for Cytotoxicity
The microassay for the cytotoxicity of IPTG and tetracycline was performed as described by Ito (10) . Briefly, cells were seeded in the 96-well, flat-bottom microplates (Nalge Nunc International, Kamstrapvej, Denmark) at appropriate concentrations (1.5 × 10 4 cells/100 µ L/well) and incubated at 37°C in a CO 2 incubator for 4 h for cell attachment. The medium was then replaced with either fresh medium or medium containing appropriate concentrations of tested agents (100 µ L/well). Eight wells were used for each agent concentration. The cells were incubated for 1-3 days in the presence of IPTG plus tetracycline. At the end of the incubation, the medium was removed, and the cells in the wells were then fixed with 10% formalin (50 µ L/well) for 10 min, following which they were stained with 0.05% crystal violet (30 µ L/well) for 30 min. The stained microplates were rinsed with tap water and then air-dried. For the determination of the percent inhibition, colorimetry of the dye from cells was carried out. Dye was eluted by the addition of 50% ethanol/0.1% acetic acid (150 µ L/well) and quantified immediately by optical density (OD) measured at 590 nm (OD 590 ) with a Model MR5000 Microplate Reader (Dynatech Laboratories, Chantilly, VA, USA). The percent inhibition was calculated according to the following equation: 
Luciferase and β β -galactosidase Activity Assay
The luciferase and β -galactosidase ( β -gal) activities were determined by a Dual-Light ™ Luciferase and β -galactosidase Reporter Gene Assay System (Tropix, Bedford, MA, USA) (14) .
Western Blot Analysis
Fifteen micrograms of total protein from the cells were denatured in sodium dodecyl sulfate (SDS) lysis buffer and loaded onto duplicate 12% SDS polyacrylamide gels. After electrophoresis at 100 V for 3 h, one gel was stained with Coomassie ® Brilliant Blue (Sigma Chemical, St. Louis, MO, USA) as a quantitative control, and the other was transferred to a polyvinylidine difluoride membrane (Stratagene, La Jolla, CA, USA) and blocked with 5% skim milk in phosphate-buffered saline
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Tween ® (PBST) solution containing 0.2% Tween-20, pH 7.5 at 4°C overnight. After washing with PBST and PBS buffer, the membrane was incubated with the anti-human BCL-2 monoclonal antibody (PharMingen, San Diego, CA, USA) or anti-v-H-RAS antibody (Oncogene Science, San Diego, CA, USA) at 37°C for 1 h and then incubated with horseradish peroxidase-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) at 25°C for 1 h. The membrane was exposed to Xray film (Fuji, Tokyo, Japan) for 10 min after the ECL ™ Detection Reagents (Amersham, Arlington Heights, IL, USA) were added (2).
RESULTS AND DISCUSSION
No Evident Cytotoxicity was Detected in Tumor Cells Treated with IPTG and Tetracycline in 48 h
Agents required for operating Lac and Tet systems are IPTG and tetracycline (Sigma Chemical). Their optimal concentrations are 2.5 mM and 1 µ g, respectively (4, 6) . It has been reported that no side effects were detected while the agents were used to treat cells separately. However, to our knowledge, whether or not the agents will become toxic when they are added together has never been reported. Table 1 shows the cytotoxicity (% of inhibition) of IPTG and tetracycline to HA22T cells (a hepatoma cell line). Our data show that IPTG and tetracycline can be added together into the cells to operate the Lac/Tet dual-inducible systems when the concentration of IPTG is 5 mM or less and that of tetracycline is 1.5 µ g or less. However, IPTG and tetracycline co-existing longer than 48 h may cause some cytotoxicity to the cells.
The Kinetics of the Induction and Repression of Luciferase and β β -gal Transgene Expression in NIH/3T3 Cells under the Regulation of Lac/Tet Dual-Inducible System
To investigate the regulation efficiency of each individual transgene expression under the regulation of the Lac/Tet dual-inducible system by the manipulation of IPTG (5 mM) and tetracycline (1.25 µ g), we transiently transfected pTREluc, pTet-off, pSVlac -OZ and pHβ lacINLSneo plasmids into NIH/3T3 cells by the L IPOFECTIN method. The first two plasmids are for the Tet system, and the remaining two are for the Lac system. Figure 1A shows that in the presence of IPTG and in the absence of tetracycline, both β -gal and luciferase genes were activated (4 × and 40 × , respectively) and reached the peak at 24-28 h post-treatment. Figure 1B shows that in the presence of both IPTG and tetracycline, β -gal expression was activated (5.3 × ); however, luciferase gene expression decreased (1/29 × ) because of the removal of Tetcontrolled transactivator by tetracycline. Figure 1C shows that in the absence of both IPTG and tetracycline, β -gal gene expression dropped because of the repression of lac repressor (1/3 × ), and luciferase gene expression increased because of the activation of Tet-controlled transactivator (35 × ). Figure 1D shows that in the absence of IPTG and presence of tetracycline, the expression of both β -gal and luciferase decreased (1/3 × and 1/25 × ). Relatively, the increase for luciferase gene expression was 35-fold to 40-fold, and, for β -gal, gene expression was 4-fold to 5.3-fold. These results demonstrate the capability of regulating two genes simultaneously in a single cell.
A Lac/Tet Dual-Inducible System Functions in the 7-4-b Cell Line, which Contains Ha-ras Plus bcl -2 Inducible Genes and Constitutively Expresses Lac Repressor and TetControlled Transactivator Genes
We previously demonstrated that the Ha-rasinducible 7-4 cells underwent apoptosis, while the activated Ha-ras gene was overexpressed by IPTG induction under serum-deprived condition. This apoptosis was demonstrated by DNA fragmentation (Figure 2 ) and could be prevented by bcl -2 overexpression, which was demonstrated by a 7-4 derivative of 7-4-2 cells containing another constitutively expressed bcl -2 transgene (11). We further transfected a Tet-controlled transactivator and its regulated bcl -2 genes into the 7-4 cell line and established a stable cell line 7-4-b. These cells contain both the Ha-ras oncogene regulated by the Lac system and the bcl -2 gene regulated by the Tet system. Our data show that while bcl -2 and Ha-ras transgenes were induced simultaneously, Ha-rasincreased 25-fold, and bcl -2 increased 15-fold, which was confirmed by Western blot analysis ( Figure 3, lane 7) . While the transgenes were induced individually, Ha-ras and bcl -2 genes were induced 10-fold and 25-fold, respectively (Figure 3, lanes 4  and 5) . Cell death was determined by evaluating the activity of β -gal gene, 
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which was transiently transfected into the analyzed cells. Our data demonstrate that while only Ha-ras was overexpressed, cells went into apoptosis (Figure 2 , lanes 4 and 9; Figure 3 , lane 5), and this kind of cell death could be reduced by bcl -2 overexpression (Figure 2 , lanes 3 and 7; Figure 3 , lane 7). Cell death drops dramatically when the cells express bcl -2 only or no transgene is expressed (Figure 2 , lanes 1, 2, 6 and 8; Figure 3 , lanes 3, 4 and 6). This result is consistent with our previous observation (11) . The phenomena of inducing and preventing apoptosis was demonstrated by overexpression of Harasalone in 7-4 cells and Ha-rasplus bcl -2 genes in 7-4-2 cells. The same phenomena reappeared in 7-4-b cells when both of the transgenes were introduced and under the regulation of the Lac/Tet dual-inducible system. This study demonstrated that the dual bacterial Lac/Tet-inducible system could control the expression of two transgenes either individually or simultaneously in a stable cell line at translational and functional levels. Taken together, through the manipulation of IPTG and tetracycline, two inducible genes can be activated or suppressed simultaneously or separately in a single cell. This was demonstrated by the regulation of β -gal and luciferase pTREluc (2 µ g), pTet-off (1 µ g), pSVlacOZ (2 µ g) and pH β lacINLSneo (1 µ g) were co-transfected into the tumor cells. The cell extracts were analyzed at 48 h post-transfection. This experiment was repeated three times. reporter gene activation in the transient transfected NIH/3T3 cells and by the regulation of Ha-ras and bcl -2 gene activation in the stable cell line 7-4-b, indicating the wide application of this system for manipulating diverse genes. Moreover, when two inducible genes were regulated simultaneously by the Lac/Tet regulatory system, neither synergism nor interference of the gene expression was detected in the cells.
Lac/Tet Dual-Inducible System Functions in Five Tumor Cell Lines Expressing Luciferase and β β -gal Reporter Genes by Transient Transfection Analysis
In an attempt to test whether the E. coli Lac/Tet dual-inducible system functions in widely used mammalian cell lines, the luciferase gene under tetracycline regulation was co-transfected with its activator Tet R gene (pTetoff), and the β -gal gene under lactose analogue IPTG regulation was co-transfected with its repressor Lac R gene (pHβ lacINLS neo ) by transient transfection analysis. A total of five cell lines were tested (T1, T2, J82, TCCSUP and HA22T). Our data show that both luciferase and β -gal genes are inducible. When both genes were activated simultaneously, the increase for luciferase induction ranged between 43-fold and 336-fold, and that for β -gal induction ranged between 3.2-fold and 6-fold. Moreover, when only one gene was activated at a time (Table 2) , the increase for luciferase ranged between 23-fold and 579-fold, and that for β -gal ranged between 2.4-fold and 10-fold. The significant variation of the repressed expression and fold increase for luciferase or β -gal in the five cell lines tested was possibly affected by the specificity of the cells and promoters and transfection efficiency. Nevertheless, we demonstrate that two transgenes can be regulated simultaneously by the Lac/Tet dual-inducible system in many cell lines, indicating the wide application capability of this system. In this study, the promoter used for the Tet-inducible gene is the minimal CMV, and, for the Lac-inducible gene, the simian virus 40 (SV40) promoter is used. Both Tet-and Lac-inducible systems are commercially available.
A Dual-Inducible System was Established in the 7-4 Cells that Already Contained a Constitutively Expressed Lac Repressor Gene by Transiently Introducing the Second Tet System and β β -gal Gene
We introduced the plasmids of the inducible luciferase gene (pTREluc), Tet transactivator gene (pTet-off) and β -gal reporter gene (pSVlacOZ) by transient transfection into the 7-4 cell line. In 7-4 cells, the Lac repressor gene is constitutively expressed, therefore can regulate the expression of β -gal transgene. Table 3 demonstrates that constitutively expressed Lac repressor plus transiently expressed Tet-controlled transactivator could activate β -gal and luciferase transgenes in 7-4 cells. Table  3 lists their induction folds. Briefly, when both genes are activated, the fold increase for luciferase gene ranged between 54.6 and 282.2, and, for the β -gal gene, it ranged between 3.2 and 9.1. Moreover, when only one gene was activated at a time, the fold increase for the luciferase gene was between 21.2 and 91.4, and, for the β -gal, it was between 2.3 and 11.7. This study demonstrates the feasibility of introducing a second inducible system into an already established inducible cell line.
In our study of the Lac/Tet dual-inducible system, the maximal increase for the Lac system is around 12-fold, and for the Tet system it is around 459-
INTRODUCTION
Many laboratories have studied chondrogenesis, terminal chondrocyte differentiation and cartilage calcification in cell culture (1, 2, 11, 12, (14) (15) (16) . These studies require disrupting normal tissue architecture and culturing the isolated cells for days to weeks. Attempts to organ-culture chondrocytes to terminal differentiation have been successful in media containing fetal calf serum (FCS) (5) . The presence of serum in culture systems complicates accurate identification of specific factors required for chondrocyte maturation. To circumvent this problem, a few investigators have grown isolated chondrocytes in defined media (1, 14) . To our knowledge, no one to date has combined the use of cartilage organ cultures with a defined media.
